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ABSTRACT
Historically, GHz radio emission has been used extensively to characterize the star-formation
activity in galaxies. In this work, we look for empirical relations amongst the radio luminosity,
the infrared luminosity, and the CO-based molecular gas mass. We assemble a sample of 278
nearby galaxies with measurements of radio continuum and total infrared emission, and the
12CO (J = 1–0) emission line. We find a correlation between the radio continuum and the CO
emission line (with a scatter of 0.36 dex), in a large sample of different kind of galaxies. Mak-
ing use of this correlation, we explore the evolution of the molecular gas mass function and
the cosmological molecular gas mass density in six redshift bins up to z = 1.5. These results
agree with previous semi-analytic predictions and direct measurements: the cosmic molecular
gas density increases up to z = 1.5. In addition, we find a single plane across five orders of
magnitude for the explored luminosities, with a scatter of 0.27 dex. These correlations are
sufficiently robust to be used for samples where no CO measurements exist.
Key words: radio continuum: galaxies — infrared: galaxies — galaxy: evolution — galaxies:
ISM
1 INTRODUCTION
Understanding galaxy evolution is a key goal of modern astro-
physics. This can be tackled using a wide range of observational
and theoretical prescriptions which involve complex physical pro-
cesses for their interpretation (e.g. Davies et al. 2019). In the cos-
mological context, a primary focus of this study is the evolution
of the cosmic star-formation history (CSFH, e.g. Tinsley & Danly
1980; Madau et al. 1996). Studies based on large galaxy samples
reveal that the cosmic star-formation rate (SFR) density peaks at
? gustavo.orellana@uv.cl
z ∼ 2–3 then declines steadily by ∼ 20× through to the present time
(Madau & Dickinson 2014). The physical processes involved are
not yet clear, although some of the main predictions are: the growth
of the dark-matter halos (e.g. Behroozi et al. 2013), the depletion of
molecular gas reservoirs in galaxies (e.g. Kennicutt & Evans 2012;
Genzel et al. 2015; Tacconi et al. 2018) and changes in the star-
formation efficiency (e.g. Genzel et al. 2010; Daddi et al. 2010).
The molecular gas is the reservoir for the future star-formation
(SF) activity, so its census across cosmic time is fundamental to un-
derstand CSFH. Historically, the main proxy to trace the molecular
gas mass is via the rotational low-J (J = 1–0) transitions of the
carbon monoxide (CO) molecule (Bolatto et al. 2013). Recently,
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spectroscopic surveys undertaken with the Atacama Large Millime-
ter/submillimeter Array (ALMA, e.g. ASPECS; Walter et al. 2016;
Decarli et al. 2016) have revealed that the molecular gas mass den-
sity changes by a factor of 3–10× across z = 0–2. This result is in
concordance with predictions from semi-analytic models (e.g. Pop-
ping et al. 2012; Lagos et al. 2018). Nevertheless, when CO-based
studies are performed via pencil-beam surveys, they are: (a) natu-
rally affected by cosmic variance (Walter et al. 2016); (b) biased
to detect the most intensely star-forming galaxies (e.g. Bothwell
et al. 2013) and (c) based on small galaxy samples (e.g. Daddi et
al. 2010; Genzel et al. 2010, 2015). These limitations are a con-
sequence of the considerable amount of observing time needed to
measure CO lines in galaxies beyond the local Universe.
An alternative but less direct method to measure the gas mass,
Mgas, uses the dust that is concomitant with the molecular gas. Sev-
eral studies show that optically thin dust emission in the Rayleigh-
Jeans regime (∼ 350–1000 µm) is proportional to the dust mass (e.g.
Dunne et al. 2011; Clemens et al. 2013; Bianchi 2013), where there
is a strong sensitivity on dust temperature (Scoville et al. 2014).
Diffuse, cold dust (T ≤ 25K) dominates the dust mass in galaxies,
while warmer dust (T ≥ 30K) usually dominates the dust luminos-
ity (Devereux & Young 1990; Dunne & Eales 2001; Draine et al.
2007; Clark et al. 2015). According to Scoville et al. (2014), the
molecular gas mass can be obtained from a single measurement of
flux density made in a specific band on the Rayleigh-Jeans tail, as-
suming a typical dust temperature between 20–45 K. Adopting a
dust-to-gas mass ratio, these authors then determine the molecu-
lar gas mass. Using this method, recent studies (e.g. Scoville et al.
2016; Hughes et al. 2017a) using small samples of massive, nearby,
star-forming, infrared-bright galaxies (LIR > 1011 L) found empir-
ical relations between the luminosity at 850 µm (L850) and the total
Mgas. The L850—Mgas relation is tight (scatter ∼ 0.3 dex), which
makes it possible to obtain Mgas in an efficient, precise manner for
large samples of galaxies.
Using a sample 10× larger than that of Scoville et al. (2014),
however, Orellana et al. (2017) found that the relation between the
submillimetre (submm) emission and the gas mass determined by
Scovile’s method shows a significant dispersion (∼ 1 dex), as well
as increased scatter towards fainter luminosities. Moreover, Orel-
lana et al. (2017) found that the dust mass is a more accurate tracer
of the total gas mass (atomic and molecular) than the molecular
gas mass alone, in concordance with recent results obtained by
Casasola et al. (2020) based on 436 nearby galaxies from the Dust-
Pedia Survey (Davies et al. 2017).
In this paper we construct new scaling relations using other
tracers of molecular gas which can provide more precise molecular
gas mass estimates with a lower dispersion.
To tackle this problem, we make use of three well-studied rela-
tions. First, the radio continuum–infrared (RC–IR) correlation con-
nects the non-thermal radio emission, typically at 1.4 GHz, and the
IR radiation coming from dust grains heated by ultraviolet photons
from young stellar populations, assuming that supernovae remnants
related to massive young stars are responsible for the synchrotron
radiation. The RC–IR correlation has been shown to be valid over
a wide range of star-forming galaxies (e.g. Bell 2003; Ibar et al.
2008; Ivison et al. 2010; Smith et al. 2014; Liu et al. 2015) with
little evolution across the cosmic time (Ivison et al. 2010; Magnelli
et al. 2015).
Second, the global Schmidt-Kennicutt (SK) relation connects
the formation of stars with the fuel to produce them, i.e. the molec-
ular gas; it can be expressed in terms LIR and L
′
CO luminosities,
respectively (e.g. Kennicutt & Evans 2012), where L
′
CO is the lu-
minosity of the CO molecule, closely related to the molecular gas
mass (see e.g. Bolatto et al. 2013).
Third, the other widely used relation exploited here connects
the RC and CO emission. The relation between CO luminosity,
L
′
CO, and radio luminosity, L1.4GHz, has been known since early CO
observations (e.g. Rickard et al. 1977; Israel, & Rowan-Robinson
1984; Murgia et al. 2002) and probed in the local Universe for
different type of galaxies (e.g. disk-like; dwarfs; ultraluminous IR
galaxies, ULIRGs) using unresolved observations (global-scale ob-
servations; e.g. Adler et al. 1991; Leroy et al. 2005; Liu et al. 2015)
as well as in resolved regions down to ∼ 100 pc (e.g. Murgia et al.
2005; Paladino et al. 2006; Schinnerer et al. 2013).
This article is the first of a series in which we explore the con-
nection between the RC and the IR and the molecular gas mass
(MH2 , traced by the CO luminosity) in spatially resolved galax-
ies and in galaxies at higher redshifts. We show the use of RC as
a relatively precise proxy for the molecular gas mass in the local
Universe and beyond. We also present an empirical plane among
the RC emission, the IR luminosity and the CO luminosity. We
base our work on large samples of galaxies built from wide-area
surveys, resulting in more statistically robust work than was previ-
ously possible.
Throughout the text, we assume a Λ-CDM cosmology with
H0 = 70 km s−1 Mpc−1, ΩM = 0.3 and ΩΛ = 0.7.
2 SAMPLE SELECTION
Our sample is constructed from seven surveys taken from the lit-
erature, all of which have measurements of IR, RC and low-J CO
lines for galaxies at redshifts, z < 0.3:
• VALES (Villanueva et al. 2017; Hughes et al. 2017a,b; Cheng
et al. 2018; Molina et al. 2019) comprises 91 galaxies at (0.02 <
z < 0.35) taken from H-ATLAS1 (Eales et al. 2010), with 65 galax-
ies detected spectroscopically in low-J CO (J = 1–0 or J = 2–1)
using the Atacama Large Millimetre Array (ALMA) or the At-
acama Pathfinder EXperiment (APEX). In addition, VALES has
rich multi-wavelength coverage from UV to far-IR wavelengths
compiled by the Galaxy And Mass Assembly survey (GAMA;
Driver et al. 2016), allowing us to measure LIR by spectral en-
ergy distribution (SED) fitting. In order to homogenise the CO
line measurements to J = 1–0, we assume a luminosity ratio
L′CO(2−1)/L
′
CO (1−0) = 0.85 (as tabulated by Carilli & Walter 2013).• The xCOLD GASS survey (Saintonge et al. 2017) is a re-
cent upgrade of the COLD GASS survey (Saintonge et al. 2011a,b)
with the newest sample called COLD GASS-low. In total, xCOLD
GASS contains 532 galaxies, both star-forming and passive el-
lipticals with stellar mass in the range 9.0 < log(M∗/L) < 11.5,
in the redshift range, 0.01 < z < 0.05, which have been observed
with the IRAM 30-m telescope in CO(J = 1–0) and with APEX in
CO(J = 2–1). We use only the CO (J = 1–0) data from this survey.
The IR data comes from the Infrared Astronomical Satellite (IRAS;
Neugebauer et al. 1984).
• Liu et al. (2015) (hereafter, Liu15) contains 181 local galaxies
with IR luminosities between 7.8 < log(LIR/L) < 12.3, where 115
are normal spiral galaxies and the rest are ULIRGs. This sample
contains CO (J = 1–0) flux measurements from high-resolution CO
maps published in the literature (Chung et al. 2009; Young et al.
1 Herschel Astrophysical Tera-Hertz Large Area Survey
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GAMA S band C band X band Ku band αradio
ID [µJy] [µJy] [µJy] [µJy]
324931 510±57 ... ... 138±30 −0.81±0.10
543473 ... 291±22 170±11 154±20 −0.71±0.10
491545 ... 347±46 213±18 164±23 −0.82±0.13
15049 ... 93±9 12±14 63±17 −0.58±0.21
319660 ... 192±28 150±16 134±25 −0.40±0.16
323772 ... 629±27 ... ... ...
278874 ... 68±11 ... ... ...
346900 ... 174±15 ... ... ...
600656 ... ... ... 45±17 ...
210543 235±32 ... ... ... ...
378002 391±47 ... ... ... ...
216973 740±38 ... ... ... ...
Table 1. New radio continuum data for VALES galaxies (see §2.1) in
the S band (ν = 3GHz), C band (6GHz), X band (10GHz) and Ku band
(15GHz) bands. The power-law index, αradio (S ∼ ναradio ) is obtained from
these JVLA measurements and we assume αradio = −0.7±0.3 for the galax-
ies with RC obtained from the literature (see §2.1 for more details).
2008; Kuno et al. 2007; Gao & Solomon 2004; Helfer et al. 2003;
Sofue et al. 2003) and IR data from IRAS.
• The APEX Low-redshift Legacy Survey for MOlecular Gas
(ALLSMOG; Cicone et al. 2017) comprises 97 Sloan Digital Sky
Survey (SDSS DR7) galaxies at 0.01< z< 0.03, with stellar masses
in the range 8.5 < log(M∗/L) < 10.0, classified as star forming
according to the BPT diagram and with a gas-phase metallicity 12
+ log(O/H) ≥ 8.5. In addition, this sample contains measurements
of CO(J = 1–0) from the IRAM 30-m telescope and of CO(J = 2–
1) from APEX. We use only their CO(J = 1–0) measurements. We
derive LIR from the Wide-field Infrared Survey Explorer (WISE)
photometry (from the ALLWISE cataloge, Wright et al. 2010) at
12 µm following Cluver et al. (2014) .
• The ATLAS3D survey (Cappellari et al. 2011) contains 260
galaxies — a volume-limited sample (D < 42Mpc) of early-
type galaxies (ellipticals, E, and lenticulars, S0) brighter than
MK < −21.5 mag (logM∗≥ 9.78M), where 56 galaxies have both
CO(J = 1–0) and (J = 2–1) measurements from IRAM 30m (Young
et al. 2011), from which we only use the values for CO(J = 1–0).
For this sample, we derive LIR from WISE photometry (from the
ALLWISE cataloge) at 12 µm following Cluver et al. (2014).
• Leroy et al. (2005)(hereafter, Leroy05) contains 121 nearby
(vLSR ≤ 1,000 km s−1) dwarf galaxies with typical dynamical
masses Mdyn ≤ 1010 M, optical diameters d25 < 5′, and with
atomic hydrogen line widths, W20 ≤ 200 km s−1, selected from the
IRAS Faint Source Catalog (FSC) at 60 and/or 100 µm. This sample
contains 28 galaxies detected (at S/N ≥ 5) in CO (J = 1–0) and an-
other 16 galaxies marginally detected (S/N ∼ 3) from the Arizona
Radio Observatory’s 12-m telescope. We derive LIR for this sample
from IRAS 60- and 100-µm photometry, following Orellana et al.
(2017).
• Papadopoulos et al. (2012) (hereafter, Pap12) contains 70 lo-
cal (z < 0.1) IR galaxies (10 < log(LIR/L) < 12) selected from the
IRAS Revised Bright Galaxy Survey (RBGS; Sanders et al. 2003)
— a flux-limited sample (flux density at 60 µm> 5.24 Jy). Addi-
tionally, this sample has coverage of CO(J = 1–0) from the IRAM
30-m telescope.
2.1 Radio data
In this work, we present new radio data for the VALES sample
obtained from observations taken with the Karl G. Jansky Very
Large Array (JVLA; VLA/13B-376, P.I.: E. Ibar) at 3, 6, 10 and/or
15 GHz, with resolutions between 0.′′6 and 4.′′0 (see Table 1). Ad-
ditionally we match the VALES sample with the publicly avail-
able Faint Images of the Radio Sky at Twenty-Centimeters (FIRST;
White et al. 1998) survey at 1.4 GHz,to obtain a larger sample in the
radio continuum emission.
We compute the radio spectral index α (S ν ∝ να) in five galax-
ies from the VALES survey with multiple JVLA detections. To
measure the flux densities in galaxies with multiple radio band
measurements, we use the Common Astronomy Software Applica-
tions (CASA, release 5.0.0)2 (McMullin et al. 2007) task imsmooth
to degrade the resolution of the images to a common worst reso-
lution. Then we measure the integrated flux density using the task
imfit, which allows us to use the same Gaussian profile in each im-
age.
For non-VALES galaxies, the RC data were gathered as fol-
lows. In the case of the Liu15 sample, this catalogue includes
its own radio data. For the xCOLD GASS catalogue, we match
this sample with the FIRST survey, with a matching radius of
4′′. For the rest of the samples (Leroy05, Pap12, ALLSMOG
and ATLAS3D), the measurements at 1.4 GHz are taken from the
NRAO VLA Sky Survey (NVSS; Condon et al. 1998) using a
matching radius of 20′′. To discard possible mismatches, we use
the SIMBAD 3 database (Wenger et al. 2000), and we corroborate
that several of these galaxies have optical minor axis greater than
60′′ and/or that the optical images show no other dominant galaxies
within a radius of 60 arcsec.
The continuum radio luminosity was obtained in three dif-
ferent ways: (1) for VALES galaxies with multiple JVLA detec-
tions, we k-correct the flux density, S 1.4GHz, using the measured
radio spectral index, including error propagation. These spectral
indices and errors were obtained from the best fit based on all
the JVLA measurements available; (2) for galaxies with only one
JVLA, FIRST or NVSS measurement, we estimate the k-corrected
S 1.4GHz measurement assuming the typical radio spectral index
of −0.7 ± 0.3 (Ibar et al. 2009) expected for star-forming galax-
ies. In this case, the error propagation includes the observed er-
rors and the scatter of the assumed α; (3) for galaxies in Liu15 and
Leroy05, we use those directly provided by the surveys. Finally,
we calculate the radio monochromatic luminosity from L1.4GHz =
4piD2LS 1.4GHz/(1 + z), where DL is the luminosity distance and
S 1.4GHz is the k-corrected flux density.
To discard any possible contamination from radio-loud active
galactic nuclei (AGN), we matched the entire sample with the 13th
Edition of the Catalog of Quasar and AGNs (Véron-Cetty & Véron
2010), finding only four galaxies of our final sample to be radio
loud, a typical signature of an AGN. We also matched our final
sample with the ALLWISE survey 4, where 90 per cent of our sam-
ple have measurements at 3.4, 4.5 and 12 µm, allowing us to apply
the colour-colour criteria defined by Jarrett et al. (2011) to identify
AGNs. We found five galaxies to be AGNs. In summary, ∼ 3 per
cent of our final sample have possible AGN-related contamination
of their RC emission. AGN-contaminated galaxies will often show
an excess of 1.4 GHz emission with respect to the sample selected
2 https : //casa.nrao.edu
3 http : //simbad.u− strasbg.fr/simbad/
4 https://irsa.ipac.caltech.edu/cgi-bin/Gator/nph-dd
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Final Sample Original Reference
(# of galaxies) Sample
30 VALES Villanueva et al. (2017)
12 VALES (APEX) Cheng et al. (2018)
75 xCOLD GASS Saintonge et al. (2017)
67 Liu15 Liu et al. (2015)
36 Pap12 Papadopoulos et al. (2012)
28 ATLAS3D Cappellari et al. (2011)
17 ALLSMOG Cicone et al. (2017)
13 Leroy05 Leroy et al. (2005)
RC Original Reference
(# of galaxies) Sample
12 VALES This work
189 NVSS Condon et al. (1998)
77 FIRST White et al. (1998)
IR Original Reference
(# of galaxies) Sample
42 H-ATLAS Eales et al. (2010)
142 IRAS Neugebauer et al. (1984)
36 IRAS RBGS Sanders et al. (2003)
13 IRAS FSC Moshir & et al. (1990)
45 ALLWISE Wright et al. (2010)
CO(J = 1–0) Original Reference
(# of galaxies) Sample
30 VALES Villanueva et al. (2017)
75 xCOLD GASS Saintonge et al. (2017)
36 Pap12 Papadopoulos et al. (2012)
28 ATLAS3D Cappellari et al. (2011)
17 ALLSMOG Cicone et al. (2017)
13 Leroy05 Leroy et al. (2005)
67 Literature Chung et al. (2009)
Young et al. (2008)
Kuno et al. (2007)
Gao & Solomon (2004)
Helfer et al. (2003)
Sofue et al. (2003)
12∗ VALES (APEX) Cheng et al. (2018)
Table 2. Summary of the surveys and references used to produce our final
sample, indicating the number of galaxies having RC, IR and CO data in
each case.
∗CO data for these galaxies have been converted from CO(J = 2–1)
.
as star-forming galaxies. Fig. 1 shows no statistically significance
from AGN contamination, confirming that making corrections for
any excess in the RC emission is unnecessary.
2.2 Final sample
Our final catalogue contains 278 galaxies, where 42 are part of
the VALES sample, 67 from Liu15, 75 from xCOLD GASS, 36
from Pap12, 28 from ATLAS3D, 17 from ALLSMOG and 13 from
Leroy05 (see Table 2 for more details). This sample is charac-
terised by: (1) CO line measurements with S/N > 5 for luminosi-
ties ranging from 5.78 < log
(
L′CO/[K kms
−1 pc2]
)
< 10.35, (2) ra-
dio detections at S/N > 5 resulting in a radio luminosity range
of 18.64 < log(L1.4GHz/[W/Hz]) < 23.78, (3) redshifts, z ≤ 0.271,
with a median value, z = 0.017 and (4) total LIR ranging from
7.3 < log(LIR/[L]) < 12.14. While the total number of galaxies
in these seven samples is > 1,000, we discarded the majority of
them either because they are not consistent with our S/N criteria or
because they do not have CO, RC or total IR measurements. Ad-
ditionally, to avoid aperture inconsistencies amongst measurements
Relation Slope Intercept Pearson
m b σ coefficient
L1.4GHz–LIR 0.96±0.02 11.98±0.23 0.33 0.934
L
′
CO–LIR 0.94±0.02 −0.98±0.21 0.29 0.946
L
′
CO–L1.4GHz 1.04±0.02 −14.09±0.21 0.36 0.928
Table 3. Best-fit parameters for each relation shown in Fig.1 (log(y) = m×
log(x)+b). In all these relations, the null hypothesis is rejected. The σ value
is measured from the scatter, shown in the respective relations.
from different studies, we remove from the sample all galaxies with
CO apertures smaller than the Petrosian aperture5 in the r band or
the optical angular diameter obtained from NED6
3 RESULTS
3.1 The evolution of the RC–CO relation
In order to build a RC–CO relation, we first use a RC–IR corre-
lation that is dependent on redshift, together with the IR–CO cor-
relation. For the RC–IR correlation, we use the result obtained by
Magnelli et al. (2015):
log
(
LIR
[W]
)
=
(2.35±0.08)
(1+ z)(0.12±0.04)
+ log
(
L1.4GHz
[WHz−1]
)
+12.85, (1)
where LIR is the total integrated IR luminosity (rest-frame 8–
1,000 µm), z is the redshift, and L1.4GHz is the radio continuum
luminosity at 1.4 GHz. This relation was obtained from a sample
of ∼ 340,000 galaxies at z < 2.
For the IR–CO correlation, we use the results obtained from
Villanueva et al. (2017) based on the VALES sample. They showed
that the global L
′
CO-LIR relation can be represented, thus:
log
(
LIR
[W]
)
= (0.95±0.04)× log
( L′CO
[Kkms−1 pc2]
)
+ (28.6±0.4), (2)
where the L
′
CO is the CO (J = 1–0) luminosity.
Finally, combining the RC–IR and the IR–CO relations (equa-
tions 1 and 2), we obtain an expression for the RC–CO relation as
a function of redshift:
log
( L′CO
[Kkms−1 pc2]
)
= (2.47±0.13)× (1+ z)(−0.12±0.04)
+ (1.05±0.04)× log
(
L1.4GHz
[WHz−1]
)
− (16.5±0.8). (3)
Errors were propagated assuming a Gaussian probability distribu-
tion. For simplicity, we define eq. 3 as ξ (L1.4GHz,z).
Fig. 1 shows the RC–IR (top panel), IR–CO (middle panel)
and RC–CO (bottom panel) relations, respectively. Although the
samples are different, our fitted solutions and scatter (< 0.33 dex,
see Table 3) for the RC–IR and the IR–CO plots are in agreement
with the respective results by eq. 1 and eq. 2 (black line). Addition-
ally, the newly constructed RC–CO relation, based on equations 1
and 2, closely matches the best fit of our sampled data.
5 The Petrosian ratio Rp at a radius r from the center of an object, is the
ratio of the local surface brightness in an annulus at r to the mean surface
brightness within r. Then Petrosian radius rp (Petrosian aperture = 2rp) is
defined as the radius as the radius at which the Petrocian ratio equals some
limit value, set to 0.2 in our case.
6 https://ned.ipac.caltech.edu/
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Figure 1. Panels are the L1.4GHz–LIR relation with L
′
CO in colour (top), the
L
′
CO–LIR relation with L1.4GHz in colour (middle), and the L
′
CO–L1.4GHz re-
lation with LIR in colour (bottom). Black lines shows the best linear fit
(continuous) and 1-σ dispersion (dashed). Red lines are the results from
equations 1, 2 and 3, for top, middle and bottom panels, respectively, as-
suming the median redshift of the sample, z = 0.017, for equations 1 and
3). Red segmented lines in the bottom panel shows the error of the relation
L
′
CO–L1.4GHz, obtained by propagating the errors in in eq. 3.
Sample N◦ Redshift Alias References
bins range
NVSS/6dFGS 1 0.003–0.3 MS07 Mauch et al. 2007
FIRST/SDSS 1 0.005–0.3 Pr16 Pracy et al. 2016
VLA/COSMOS 4 0.1–1.3 Sm09 Smolcˇic´ et al. 2009
VLA/CDF-S 4 0.03–2.3 Pa11 Padovani et al. 2011
VLA/COSMOS 11 0.1–5.7 No17 Novak et al. 2017
Table 4. Radio continuum luminosity function surveys.
3.2 The RC–CO correlation used to estimate the molecular
gas mass function
One of our most relevant results is that we have found a RC–CO
correlation for a large sample as a function of redshift, from eq. 3.
The sample includes galaxies with different Hubble types at dis-
tances greater than 250 Mpc over a wide range of RC and CO
line measurements. Because the L1.4GHz is related to L
′
CO which
is in turn related to the molecular gas mass, Mmol, via a linear re-
lation, it is possible to estimate the molecular gas mass function
(MGMF, φ(Mmol)) using RC luminosity function (RCLF, φ(LRC))
measured at different redshifts in samples of galaxies which ex-
clude the galaxies contaminated by radio-loud AGN. Then, if we
replace logL1.4GHz by φ(LRC) in eq. 3, we obtain the CO luminos-
ity relation as a function of the redshift. Consequently, by applying
eq. 3 to well-measured RCLFs from the literature (see table 4), we
can obtain the CO luminosity functions across the redshift range
0.003< z< 5.7, subdivided into several redshift bins. Although part
of the data taken from literature to construct our final sample reach
almost z ∼ 6, our results are constrained up to z = 1.5 based mainly
on the redshift constraints included in eq. 1 and eq. 2.
To predict radio luminosity functions independently of the
availability of radio continuum data, we can use the evolution of the
RCLF using the model proposed by Smolcˇic´ et al. (2009). In this
scenario, the local RCLF is based on the model proposed by Sadler
et al. (2002), using a combination of a power-law and a Gaussian
distribution of the form:
φz=0 (LRC) = φ∗
(
LRC
L∗
)1−α
exp
 −12σ2
(
log
[
1+
LRC
L∗
])2 , (4)
with a power-law index, α = 0.84, a luminosity function at the
faint end of φ∗ = 22.9 × 10−3 [Mpc−3], a standard deviation of
the Gaussian distribution, σ = 0.94, and a characteristic luminos-
ity limit between the power-law and the Gaussian distribution,
L∗ = 1.95×1019 [WHz−1] (for more details, see Sadler et al. 2002;
Smolcˇic´ et al. 2009). Consequently, the evolution of the luminosity
function is:
φ (LRC,z) = φz=0
(
LRC
(1+ z)αL
)
, (5)
where φz=0 is the local luminosity function and a αL is the char-
acteristic luminosity function parameter, with value αL = 2.1±0.2
(Sadler et al. 2002).
L
′
CO is calculated using eq. 3 and is used to obtain the CO
luminosity functions, transforming equations 4 and 5 as follows:
φz=0
(
L′CO
)
= ξ
(
φz=0 (L1.4GHz)
)
φ
(
L′CO,z
)
= ξ (φ (L1.4GHz,z))
(6)
Finally, to obtain the MGMF, we use the conversion factor be-
tween L
′
CO and the molecular gas mass, Mmol = αCO L
′
CO, with
constant L
′
CO–αCO, where αCO is the molecular mass conversion
factor and has a value 3.6 M/(K km s−1 pc2). Although this value
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Figure 2. Evolution of the MGMF. The upper-left panel shows the local (< z >= 0.05) MGMF for star-forming galaxies, from RCLF measured by MS07 (blue
diamonds) and Pr16 (gray triangles). The rest of the panels show the MGMF for star-forming galaxies at < z >= 0.2,0.5,0.8,1.1 and 1.5 from RCLF measured
by N017 (red diamonds), Sm09 (gray triangles) and Pa11 (brown circles). Red lines are the best-fit mass function for all available points, purple and dark green
lines are the MGMF from the Popping et al. (2012) and Lagos et al. (2018) models, respectively. Additionally, the cyan solid line is the MGMF from the RCLF
model from Smolcˇic´ et al. (2009) in combination with eq. 3 and constant αCO = 3.6 [M/(Kkms−1 pc2)] ; similarly, cyan dashed lines in all plots correspond
to the same MGMF but for a constant redshift of z = 0.05. The errors in the molecular mass are the quadrature addition of the errors from measurements in
each work and the scatter obtained in our relations.
for αCO does not take into account the helium contribution (the
fraction of He is 36 per cent), we adopt it considering that the refer-
ence sample to compare our resulting luminosity functions, Decarli
et al. (2016), uses this value.
We compare our results with those obtained from the semi-
analytic MGMF models developed by Popping et al. (2012) and La-
gos et al. (2018). Fig. 2 shows the MGMFs (red and cyan lines) es-
timated for six redshift bins centred at < z >= 0.05,0.2,0.5,0.8,1.1
and 1.5, covering the redshift range from 0.003–2.3. Each sample
used is identified by different symbols and colours (see the caption
to Fig. 2). The errors result from the addition in quadrature of the
error from the original RCLF and the scatter in the L
′
CO–L1.4GHz
correlation. The purple (Popping et al. 2012) and dark green (La-
gos et al. 2018) lines corresponds to semi-analytic models.
Although we could potentially construct a RCLF up to z= 5.7,
our results for the MGMF show a considerable over-estimate in
comparison with the semi-analytic models for RCLF at redshifts
z > 1.5. This problem can be caused by: a) the L
′
CO–L1.4GHz corre-
lation function evolving with redshift in a different way than that
considered in this work; b) it may be incorrect to adopt a constant
αCO given that starburst galaxies are more abundant at higher red-
shifts; c) the RCLM at higher redshifts only characterises the galax-
ies richest in molecular gas, as a consequence of the detection limit
in the radio images; d) semi-analytic models may under-estimate
the molecular gas mass at high redshift. Additionally, with the as-
sumption of a constant αCO, we ignore any possible variation of the
conversion factor as a function of galaxy properties, where the most
important property is the dependence on gas-phase metallicity (e.g.
Wilson 1995; Arimoto et al. 1996; Barone et al. 2000; Israel 2000;
Boselli et al. 2002; Magrini et al. 2011; Schruba et al. 2012; Hunt
et al. 2015; Amorín et al. 2016).
3.3 Cosmic molecular gas mass content
Based on the results obtained from our MGMF analysis, we can
predict the molecular gas mass density and its evolution with cos-
mic time. Molecular gas mass density is defined as:
ρ(Mmol) =
∫ logM2
logM1
dN
d logM dV
M d logM. (7)
Fig. 3 shows the resulting ρ(Mmol) in the redshift range 0 < z < 1.5,
where the red points are derived using the entire mass range avail-
able from the respective RCLF. This means that this derived ρ(Mmol)
has different integration mass limits in different redshift bins. For
this reason, we make use of the RCLF from Smolcˇic´ et al. (2009)
to obtain a continuous MGMF where we can extrapolate a fixed
integration mass limit to compare our results with the predictions
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Figure 3. Cosmic molecular mass density (ρ(Mmol)) for the redshift range 0–
1.5. Red points are the integrated values for the entire mass range available
for the MGMFs from Fig. 2. Cyan points, purple and dark green lines are
the integrated MGMF from the Smolcˇic´ et al. (2009), Popping et al. (2012)
and Lagos et al. (2018) models, in the mass range 9 < log(Mmol/M)< 11,
respectively. Gray rectangles is the ρ(Mmol) obtained by Decarli et al. (2016).
Figure 4. The CO–RC–IR plane. Red circles are the galaxies from the final
sample and the black plane is the best fit shown in eq. 8. See more views in
Appendix A
from semi-analytic models. After fixing the integration mass limit
in the range 9 < log(Mmol/M) < 11 (the range deduced from the
MGMFs obtained by Decarli et al. 2016, but not specified in that
work) we can then determine the ρ(Mmol) based on our continuous
MGMF (cyan diamonds). Our results fall inside the errors of the
direct measurements obtained by Decarli et al. (2016) (gray rectan-
gles), while the semi-analytic models show higher and lower values
for the models from (Popping et al. (2012) (purple line) and Lagos
et al. (2018) (green line), respectively.
The main source of uncertainty in ρ(Mmol) comes from the un-
certainty in the measured RC luminosity functions.
3.4 The empirical CO–RC–IR plane
Although the physical parameters used for the star-formation rela-
tions in this paper — the IR, CO and RC emission — are all trac-
ers of newly formed stars, to our knowledge there is no previous
use in the literature of parameter space combining all of them in a
single relation. Fig. 1 shows that these three parameters vary in a
correlated way. Based on that, we conclude that each panel corre-
sponds to the projection of a CO–RC–IR plane. We present the 3D
view of these three relations in Fig. 4 forming a plane for which
we obtained a numerical expression using the MPFIT algorithm7
(Markwardt 2009):
log
( L′CO
[Kkms−1 pc2]
)
= (0.61±0.05)× log
(
LIR
[L]
)
+ (0.36±0.05)× log
(
L1.4GHz
[WHz−1]
)
− (5.4±0.7) .
(8)
For different views of the plane based on eq. 8, see Ap-
pendix A.
4 DISCUSSION
4.1 Cosmic evolution of molecular gas
The intimate connection between the RC, CO and IR emission dur-
ing the process of forming stars is well established for samples of
galaxies. However, understanding the mechanism that links these
three parameters remains a challenge for star-formation models,
considering the different physical origins for the different emission.
Several tracers of star-formation activity exist. Direct meth-
ods include tracing the UV light from young stellar populations.
However, UV attenuation by dust in galaxies requires additional
corrections. For example, it has been proposed that the emission at
24 µm can be used to correct the dust attenuation in far-UV (FUV)
and Hα data, resulting in more realistic estimates of the SFR in
galaxies (Kennicutt et al. 2007; Calzetti et al. 2007). These com-
bined calibrations of SFR are used extensively for nearby galaxies
(e.g. Rahman et al. 2011; Ford et al. 2013; Momose et al. 2013;
Casasola et al. 2017)
To avoid correcting for extinction, IR emission is widely used
as a star-formation tracer. Two energy sources contribute to the IR
spectral energy distribution (SED): a warm dust component, where
grains absorb UV photons from young, massive (> 8M) stars (e.g.
Devereux, & Young 1991; Condon 1992), and a cold dust compo-
nent — a consequence of the absorption of optical photons from the
interstellar radiation field (e.g. Xu, & Helou 1996). The IR emis-
sion is a powerful star-formation tracer, better than other more di-
rect indicators that are affected by extinction (e.g. Hα emission sys-
tematically under-estimates, by an order of magnitude, the forma-
tion of stars in galaxies with SFR ≥ 20M yr−1 Cram et al. 1998).
The RC emission results from the combined contribution of
thermal emission — free-free radiation from H II regions related to
the number of massive, short-lived stars — and non-thermal emis-
sion — synchrotron radiation produced by relativistic electrons in-
teracting with the magnetic field of the galaxy (Condon 1992).
These two components dominate the RC at different frequencies,
where the transition between the thermal and non-thermal com-
ponent happens at ν ≈ 30GHz (emission at higher frequencies is
mainly thermal and at lower frequencies is mainly synchrotron).
Condon (1992) suggests that thermal radiation contributes less than
10 per cent of the total RC radiation at ∼ 1GHz and that the total ra-
dio luminosity at 1.4 GHz is directly proportional to the supernovae
(SN) rate. Synchrotron radio emission from star-forming galaxies
is produced by the interaction of energetic electrons — acceler-
ated by the massive stars when they have reached the supernovae
stage — and the ambient magnetic field (Israel, & Rowan-Robinson
7 https://www.physics.wisc.edu/∼craigm/idl/fitting.html
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1984; Voelk 1989). Radio emission is unaffected by dust absorp-
tion, making RC emission an ideal tool to calibrate other tracers of
star formation.
Lastly, CO emission is the consequence of the interaction be-
tween CO molecules and the molecular hydrogen (H2) in regions
where stars are formed — giant molecular clouds (GMC). CO
emission is correlated with the virial mass of GMCs observed in
the Milky Way and in nearby spiral galaxies (Young, & Scoville
1991).
Historically, the IR–RC–CO parameters have been studied us-
ing three empirical relations, each one having different properties:
first, the RC–IR correlation (e.g. Yun et al. 2001; Ivison et al. 2010;
Thomson et al. 2014; Magnelli et al. 2015; Dumas et al. 2011;
Tabatabaei et al. 2013a,b), valid up to z ∼ 2 and at a resolution of
≥ 500 pc. Second, the Schmidt-Kennicutt (SK) IR–CO law (Ken-
nicutt 1998; Kennicutt & Evans 2012), valid for high-SFR, bright
galaxies as well as low-surface-brightness galaxies with low SFR.
The form of the SK law is still debated because the observations of
disk and starburst galaxies have shown that this relation can be fit-
ted either by a single or a bi-modal solution for the redshifts range
0.05–2.5 (e.g. Genzel et al. 2010; Daddi et al. 2010; Ivison et al.
2011; Kennicutt & Evans 2012; Tacconi et al. 2013; Santini et al.
2014; Freundlich et al. 2019). The slope of the SK law, which de-
fines the depletion time of the gas in a galaxy (τdep ≡ Mgas/SFR),
is central to our understanding of the mechanisms that govern star
formation. According to models, a linear slope implies that star-
formation activity is not driven only by the self gravity of the
galaxy (Semenov et al. 2017, 2019). Several studies dedicated to
the spatially-resolved KS relation on sub-kpc scales found a wide
range in the value of the slope (indicated by the power law in-
dex, N ∼ 0.6–3; ΣSFR ∝ ΣNM(H2)) of the KS relation (Bigiel et al.
2008; Kennicutt & Evans 2012; Rahman et al. 2011; Viaene et al.
2014; Casasola et al. 2015). The spread in the value of N may
be intrinsic, suggesting that different SF relations exist; alterna-
tively, it may be due to the assumptions adopted in each study.
Daddi et al. (2010) suggest that LIR (tracing SFR) and L
′
CO (trac-
ing molecular gas mass) show no evolution in normal star-forming
galaxies up to z = 1.5. However, Tacconi et al. (2018) suggest that
τdep ∝ (1+z)−0.62, implying that τdep decreases by a factor of ≈ 2×,
up to the redshift limit explored in our study, z= 1.5. Third, the RC–
CO correlation (e.g. Adler et al. 1991; Murgia et al. 2002, 2005;
Leroy et al. 2005; Paladino et al. 2006; Schinnerer et al. 2013; Liu
et al. 2015), is valid for different galaxy types and also down to
scales of few hundred parsecs in some selected local galaxies.
In this work we derive eq. 3 by combining RC–IR and
IR–CO relations from the literature to obtain the molecular
gas mass density of the Universe, after deriving the integrated
MGMF from measurements of the RCLF corrected by αCO =
3.6 [M/(Kkms−1 pc2)]. We find that the resulting molecular gas
mass density increases by a factor of 4.4× across z = 0.05–1.5. As
mentioned above, we expect that the evolution of the depletion time
has little impact on our final gas mass densities.
4.2 Using the CO–RC–IR plane to predict CO emission in
galaxies
Several authors have proposed models to explain the physical con-
nection between the radio, infrared and CO luminosities. One of
the earliest models proposes that the RC–IR correlation is physi-
cally linked to the formation of young massive stellar populations
(e.g. Helou et al. 1985; Condon 1992) since GMCs collapse to form
stars of large masses, responsible for an intense radiation field in
star-forming galaxies. A large fraction of the UV photons from the
forming stars heat the dust grains, re-processing the UV radiation
into IR emission. Considering that the main mechanism that drives
this model (Adler et al. 1991; Murgia et al. 2002) is the formation
of new stars, it is expected that L
′
CO — a classical tracer of the gas
reservoir for future star formation — is correlated with IR and RC
emission. As a first approach, this model offers a simple mechanism
to explain how these three parameters can be related by considering
that the origin of the IR emission and the non-thermal synchrotron
corresponds to newly formed stars in molecular clouds. However,
this model is unable to explain several problems, e.g. why the RC–
IR correlation is maintained at scales of kpc and the RC–CO rela-
tion holds at scales of ∼ 100 pc. In addition, Schinnerer et al. (2013)
argue that this model requires too many intermediate physical pro-
cesses to observationally correlate both the RC and the IR emission,
where each of these processes has to contribute to a larger scatter
than that obtained from observations. Alternative models, e.g. the
calorimeter model (Voelk 1989; Lisenfeld et al. 1996), the mag-
netic field-gas density coupling (Helou, & Bicay 1993; Niklas, &
Beck 1997), and the proton calorimeter model (Suchkov et al. 1993;
Lacki et al. 2010) also struggle to explain the physical mechanisms
involved in these relations.
Our work provides an empirical solution that combines CO–
RC–IR into a plane, which can be exploited to update star-
formation models. We find that our proposed plane — where the
CO, RC, and IR luminosities are fitted simultaneously — results
in smaller scatter for each of the relations than when they are fit-
ted independently in pairs. For example, the comparison between
the estimated L
′
CO obtained using eq. 8 and the actual measured
L
′
CO shows a scatter of 0.27 dex (a factor 1.86×). The scatter be-
tween our sample and the IR–CO and RC–CO relations are 0.29
and 0.36 dex, respectively (see Table 3). As a consequence, the
CO–RC–IR plane constitutes a powerful tool to predict, in a very
efficient way, the CO emission in large samples of galaxies lacking
molecular mass measurements. Although the CO–RC–IR plane is
fitted using a wide range of galaxy types (local LIRGs, massive
star-forming galaxies, elliptical galaxies with star formation, dwarf
galaxies), the scatter for the predicted CO emission from the plane
is lower than the scatter from independent use of the IR–CO or
RC–CO relations.
Using a sample of ∼ 80 metal-rich and -poor dwarf galaxies,
Filho et al. (2019) studied the star-forming relations RC–IR, RC–
CO and IR–CO finding that they cannot be extended down to low
radio luminosity dwarfs. A breakdown for the dwarfs appears to-
wards brighter radio luminosities in both relations with respect to
the solution for bright galaxies from Price & Duric 1992; Liu &
Gao 2010; Kennicutt et al. 2011; Murgia et al. 2005. According to
Filho et al. (2019), the breakdown in the RC–CO and IR–CO rela-
tions reflects a depletion of CO in dwarf galaxies, which have a hard
ionising radiation field, low dust shielding and slower chemical re-
action rates, making this molecule an inefficient tracer of molec-
ular gas. Cosmic rays from starburst episodes also play a role in
destroying the CO molecules. We cannot directly compare Filho et
al. (2019)’s results with our work because the range of luminosities
for their sample of dwarfs is about an order of magnitude fainter
than ours.
Considering that each parameter used in the construction of
the plane involves observed emission coming directly or indirectly
from the formation of stars, the simplest scenario to explain the
existence of this three-fold relation lies with models where star for-
mation is the main driver. Assuming that star formation is the main
driver behind the observed consistency of RC, IR, CO emission,
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then implementing it to predict CO emission on a different sam-
ple requires the selection of star-forming galaxies only, where no
contribution of AGN is present.
5 SUMMARY
In summary, we have used 278 nearby (z< 0.27) galaxies with mea-
surements of global CO lines (J = 1–0 or J = 2–1), total IR lumi-
nosity and radio continuum flux density at 1.4 GHz to study the
scaling relations between the CO, RC, and IR luminosities and to
determine the cosmic evolution of the molecular gas content of the
Universe. Assuming that star formation is the main mechanism that
drives the existence of the SK (IR–CO) and RC–IR relations, we
derive the RC–CO relation as a function of redshift. This relation
allows us to estimate the molecular gas mass function (MGMF) us-
ing the radio continuum luminosity function (RCLF) from the lit-
erature, obtaining consistent results as compared with the MGMF
from semi-analytic models across 0.05 < z < 1.5. Finally, from the
integration of the different MGMFs, we estimate the cosmic evo-
lution of the molecular gas mass density (ρ(Mmol)) in star-forming
galaxies, in six redshift bins, showing an increment of 4.4× across
this redshift range.
In addition, we found that these three luminosities (L
′
CO,
L1.4GHz and LIR) form a plane, presumably as a consequence of
the common physical mechanisms behind these three observable
quantities in the context of star formation in galaxies. The plane is
valid across more than five orders of magnitude for each of the lu-
minosities, across the redshift range 0.05–0.27, and it can be used
to predict CO emission from the IR and radio continuum measure-
ments of galaxies, with a scatter of 0.27 dex. The agreement of our
estimates with semi-analytical models, as well as with the results
from the ALMA large programme, ASPECS, is a clear indication of
the power of the method presented here as a tool to predict molecu-
lar gas mass at different cosmic epochs. Future large radio surveys,
such as those conducted by the Square Kilometer Array, will be
able to exploit these results.
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APPENDIX A: THE BEST-FIT PLANE
This appendix includes different views of the plane L
′
CO–L1.4GHz
— LIR. The black lines in Fig. 1 show the best-fit plane, shown in
eq. 8; the red circles are the galaxies in our final sample.
Using this plane, it is clear that the dispersion shown is tiny
compared with the large range of IR, RC and CO used in our work.
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Figure A1. Different views of the plane for L′CO—L1.4GHz—LIR. The red
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